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(57) ABSTRACT 
A method of tap coefficient correction includes: obtaining a 
synchronization symbol difference between a first polariza 
tion and a second polarization orthogonal to the first polar 
ization; obtaining a delay amount of each of the first polar 
ization and the second polarization in an adaptive equalizer; 
calculating, in a case where a horizontal axis represents a tap 
number and a vertical axis represents a tap coefficient and a 
tap number or a nearest tap number with which an area of a 
drawn figure is halved is set as a gravity center of tap coeffi 
cients, a correction reference gravity center of the tap coeffi 
cients set in the adaptive equalizer, based on the synchroni 
Zation symbol difference and the delay amount; and 
performing a correction of shifting an entire tap coefficients 
in units of symbol to cause the correction reference gravity 
center to be closest to a tap center. 
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ADAPTIVE EQUALIZERTAP COEFFICIENT 
CORRECTION METHOD AND OPTICAL 

RECEIVER 

CROSS-REFERENCE TO RELATED 
APPLICATION 

0001. This application is based upon and claims the ben 
efit of priority of the prior Japanese Patent Application No. 
2013-017236, filed on Jan. 31, 2013, the entire contents of 
which are incorporated herein by reference. 

FIELD 

0002. The embodiment discussed herein is related to an 
adaptive equalizer tap coefficient correction method and an 
optical receiver. 

BACKGROUND 

0003. In recent years, a research on an optical communi 
cation based on a digital coherent system has been advanced 
to cope with an increase in communication traffics. A wave 
form distortion correction, an adaptive equalization, and the 
like are carried out by a digital signal processing circuit in a 
digital coherent receiver, and high characteristics can be 
obtained even in a transmission at a high bit rate. In a case 
where a dual polarization-quadrature phase shift keying (DP 
QPSK) modulation system is employed, two-bit data may be 
allocated to four modulated optical phases (0.90°, 180°, and 
270°) with regard to each of two orthogonal polarizations, 
and a symbol speed may be reduced to a quarter of the original 
speed. 
0004. The received optical signal is subjected to a photo 
electric conversion and an analog/digital conversion, and 
waveform distortion components and the like are adaptively 
equalized by an adaptive equalizer in the digital signal pro 
cessing circuit. 
0005. The adaptive equalizer illustrated in FIG. 1 is com 
posed of a butterfly finite impulse response (FIR) filter and 
adapted to perform a separation of a polarized orthogonal 
multiple signal, a polarization mode dispersion compensa 
tion, and the like. A constant modulus algorithm (CMA) 
system is used for an adaptive control on tap coefficients of 
the individual filters, for example. A convergence State is 
unchanged even when all the tap coefficients on an Hside (or 
all the tap coefficients on a V side) in units of one symbol (in 
units of the tap number corresponding to one symbol) are 
shifted by the FIR filter. This is because, when all the tap 
coefficients are shifted at once, only the absolute time is 
changed, and the relationship is maintained. In a case where 
twofold oversampling data is processed, a gravity center loca 
tion of the tap coefficients in units of two taps (one symbol) is 
adjusted by shifting the entire tap coefficients so that the 
signal communication can be resumed without a second pull 
1. 

0006. In a case where the weight of the tap coefficients is 
deviated to an end part of the taps, for example, a case where 
the coefficient value of the tap number 1 or the tap number 13 
is high in the 13-tap FIR filter, the equalization residual of the 
adaptive equalizer is generated, and the signal degradation is 
caused. For that reason, the weight of the tap coefficients is 
desirably shifted towards a center of the taps as much as 
possible. 
0007. A specific correction method of shifting the gravity 
center of the tap coefficients towards the tap centeras much as 
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possible is proposed (for example, see Japanese Laid-open 
Patent Publication No. 2012-119923). The gravity center 
value of the tap coefficients is calculated, and the tap coeffi 
cients are shifted in units of one symbol So that the gravity 
center of the coefficients is at the center of the taps (in a range 
between the tap number 6 and the tap number 8 in the case of 
the 13-tap filter). That is, in a case where a horizontal axis 
represents the tap number and a vertical axis represents the 
tap coefficient, a tap number or a nearest tap number with 
which the area of a drawn figure is halved is referred to as 
“gravity center of the tap coefficients'. The gravity center of 
the tap coefficients is calculated with respect to each of the H 
polarization and the V polarization, and the correction of 
shifting the gravity center of the tap coefficients towards the 
center of the taps is also conducted with respect to each of the 
H side and the V side. 
0008 According to the related art method, to carry out the 
correction of shifting the gravity center of the tap coefficients 
towards the tap center, an instantaneous value representing 
the tap coefficient gravity center at that moment is used. 
According to this method, an optimal correction is not carried 
out depending on a state of the polarizations, and a correction 
effect is not attained to a maximum extent. As a result, a 
differential group delay (DGD) resistance is decreased, and a 
bit error is likely to increase. 

SUMMARY 

0009. According to an aspect of the invention, a method of 
tap coefficient correction includes: obtaining a synchroniza 
tion symbol difference between a first polarization and a 
second polarization orthogonal to the first polarization; 
obtaining a delay amount of each of the first polarization and 
the second polarization in an adaptive equalizer, calculating, 
in a case where a horizontal axis represents a tap number and 
a vertical axis represents a tap coefficient and a tap number or 
a nearest tap number with which an area of a drawn figure is 
halved is set as a gravity center of tap coefficients, a correction 
reference gravity center of the tap coefficients set in the adap 
tive equalizer, based on the synchronization symbol differ 
ence and the delay amount; and performing a correction of 
shifting an entire tap coefficients in units of symbol to cause 
the correction reference gravity center to be closest to a tap 
Center. 

0010. The object and advantages of the invention will be 
realized and attained by means of the elements and combina 
tions particularly pointed out in the claims. 
0011. It is to be understood that both the foregoing general 
description and the following detailed description are exem 
plary and explanatory and are not restrictive of the invention, 
as claimed. 

BRIEF DESCRIPTION OF DRAWINGS 

0012 FIG. 1 is a schematic configuration diagram of an 
adaptive equalizer composed of a butterfly FIR filter; 
0013 FIG. 2 is a graphic presentation of fluctuations of tap 
coefficient gravity center locations of an Hipolarization and a 
V polarization; 
0014 FIG. 3A and FIG. 3B are explanatory diagrams for 
describing a problem in a tap coefficient correction method in 
related art; 
0015 FIG. 4A and FIG. 4B are explanatory diagrams for 
describing a principle of a tap coefficient correction method 
according to an embodiment; 
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0016 FIG. 5 is a schematic diagram of an optical commu 
nication system to which the method according to the 
embodiment is applied; 
0017 FIG. 6 is a schematic diagram of a digital signal 
processing unit according to the embodiment; 
0018 FIG. 7 illustrates a state in which a symbol synchro 
nization time is obtained; 
0019 FIG. 8 illustrates a state in which tap coefficients are 
read out; 
0020 FIG. 9 is an explanatory diagram for describing a 
method of obtaining the fluctuation centers of the coefficient 
gravity centers of the respective polarizations; 
0021 FIG.10 illustrates a state in which the tap coefficient 
correction amount is determined; 
0022 FIG. 11 illustrates a state in which the tap coefficient 
correction is executed; 
0023 FIG. 12 illustrates a state in which tap coefficients 
after the correction are written in; 
0024 FIG. 13 is a flow chart for the tap coefficient correc 
tion method according to the embodiment; 
0025 FIG. 14A and FIG. 14B are explanatory diagrams 
for describing an effect of the correction method according to 
the embodiment; and 
0026 FIG. 15A and FIG. 15B are explanatory diagrams 
for describing an effect of a modified example. 

DESCRIPTION OF EMBODIMENT 

0027. The problem of the tap coefficient correction 
method in related art which has been found by the applicants 
of the present application will be described with reference to 
FIG. 2. The gravity centers of the tap coefficients set in the 
adaptive equalizer are changed so that the gravity center 
locations of the tap coefficients on an Hside and a V side are 
symmetric to each other by polarization rotations. If it is 
assumed that the polarization rotations are uniform, the fluc 
tuations of the gravity center locations of the tap coefficients 
appear as periodic fluctuations like sign waves. The actual 
polarization rotations are not uniform and are changed in a 
complex manner. 
0028. A maximum amplitude of the fluctuation of the tap 
coefficient gravity center GH on the H side and a maximum 
amplitude of the fluctuation of the tap coefficient gravity 
center GV on the V side are determined on the basis of the 
differential group delay (DGD) amount. When a fluctuation 
center of the tap coefficient gravity center GH of the H polar 
ization is set as pGH, and a fluctuation center of the tap 
coefficient gravity center GV of the V polarization is set as 
pGV, a difference between pGH and pGV is equivalent to a 
synchronization symbol difference. When a digital sampling 
rate is set as two samples per symbol, in the case of FIG. 2, a 
synchronization symbol difference of two taps, that is, one 
symbol is caused. 
0029. If a correction of simply shifting the tap coefficient 
gravity center at any given time towards the tap central part 
(for example, in a range between the tap number 6 and the tap 
number 8 in a 13-tap filter) is executed, the situation may 
unexpectedly be deteriorated in some cases. This problem 
will be described with reference to FIG. 3A and FIG. 3B. 
0030. In FIG. 3A, at a time t1, the tap coefficient gravity 
center (black circle) of the H polarization is located between 
the tap number 5 and the tap number 6, and the tap coefficient 
gravity center (white circle) of the V polarization is located 
between the tap number 9 and the tap number 10. Although 
the fluctuation centerpGV of the tap coefficient gravity center 
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GV of the V polarization is at the tap central part, the fluc 
tuation change pGH of the tap coefficient gravity center GH 
of the H polarization is deviated in a direction towards a 
higher tap number. Under normal circumstances, a correction 
of pulling in the tap coefficient gravity center of the H polar 
ization towards the central part (in a direction towards a lower 
tap number) is to be conducted. 
0031 However, if attention is paid only on the tap coeffi 
cient gravity center value at the time t1 and the correction of 
shifting the coefficient gravity center towards the tap centeris 
conducted, as illustrated in FIG. 3B, a correction of raising 
the coefficient gravity center (black circle) at a bottom of the 
fluctuation towards the tap center is executed. As a result, the 
tap coefficient gravity center GH of the H polarization fluc 
tuates in a region farther away from the tap center. 
0032. On the other hand, the tap coefficient gravity center 
GV of the V polarization attl is out of the tap central part, but 
since the fluctuation center pGV is the vicinity of the tap 
center, it is conceivable that the correction may not be carried 
out. However, according to the correction method in related 
art, a correction of dragging down the coefficient gravity 
center (white circle) at a peak of the fluctuation towards the 
tap center is executed. As a result, the tap coefficient gravity 
center GV of the V polarization that has fluctuated in the tap 
central part is unexpectedly reshifted from the tap center. 
0033. The gravity center of the tap coefficients indicates 
an entire signal location and represents a delay amount of the 
signal. According to the method in related art, the gravity 
centers of the tap coefficients of the H polarization and the V 
polarization may be deviated to the both ends of the taps in 
Some cases, the adaptive equalization may not be properly 
executed. According to the embodiment, this problem is to be 
Solved, and the effect of the adaptive equalization is maxi 
mized. 
0034 FIG. 4A and FIG. 4B are explanatory diagrams for 
describing a principle of a principle of the tap coefficient 
correction method according to the embodiment. According 
to the embodiment, an instantaneous coefficient gravity cen 
ter value is not set as it is as a reference for the gravity center 
correction, but a fluctuation center of the gravity center of the 
tap coefficients is used as the reference for the gravity center 
correction. While a correction of shifting the fluctuation cen 
ter of the gravity center towards the tap center is conducted, 
the gravity center correction of the tap coefficients is more 
accurately carried out. 
0035. In FIG. 4A, the tap coefficient gravity center GV of 
the V polarization at a time t2 is at a bottom of the fluctuation. 
According to the related art method, the correction of shifting 
the tap coefficient gravity center GV by the 4taps (2 symbols) 
towards the higher tap number direction is executed at this 
time. According to the embodiment, attention is paid on the 
fluctuation center pGV of the tap coefficient gravity center 
GV. Since the fluctuation center pGV at the time t2 exists in 
the tap central part (in the range between the tap number 6 and 
the tap number 8), the correction is not to be carried out. 
0036. On the other hand, the tap coefficient gravity center 
pGH of the H polarization at the time t2 is at a peak of the 
fluctuation. According to the related art method, the correc 
tion of shifting the coefficient gravity center by the 4 taps (2 
symbols) towards the lower tap number direction is executed 
at this time. However, when attention is paid on the fluctua 
tion change pGH of the tap coefficient gravity center GH, the 
fluctuation change pGH at the time t2 is slightly deviated 
from the tap central part. In view of the above, the fluctuation 
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change pGH is shifted by the two taps (one symbol) towards 
the lower tap number direction. 
0037. As illustrated in FIG. 4B, the gravity center move 
ment is not conducted with respect to the V polarization, and 
the fluctuation change pGH of the tap coefficient gravity 
center in the H polarization is shifted by one symbol towards 
the tap center. As a result, the fluctuation centers of the tap 
coefficient gravity centers of the H polarization and the V 
polarization are almost matched with each other. A synchro 
nization symbol difference between the polarizations is can 
celled (to be zero), and it is possible to bring out the correction 
effect to the maximum extent. As a result, the DGD resistance 
is improved, the increase in bit errors is Suppressed. 
0038 According to the embodiment below, since the fluc 
tuation centers pGH and pGV of the tap coefficient gravity 
centers are used as the correction reference gravity centers, 
the fluctuation centers are appropriately referred to as “cor 
rection reference gravity center pGH' and “correction refer 
ence gravity center pGV”. 
0039 FIG. 5 is a schematic diagram of an optical commu 
nication system to which the tap coefficient correction 
method according to the embodiment is applied. An optical 
communication system 1 includes an optical transmitter 2 and 
an optical receiver 3 which are connected to each other via an 
optical transmission path 5. 
0040 Light emitted from a transmission light source 4 of 
the optical transmitter 2 is guided to phase modulators 6a and 
6b, Subjected to a phase modulation in accordance with out 
put data signals of a demultiplexer (Demux), and output to the 
optical transmission path 5. The optical signal received by the 
optical receiver 3 is mixed with local oscillation light from a 
local light source 11 at a 90° optical hybrid (optical mixer) 10, 
and an in phase (I) interference component and a quadrature 
(Q) interference component are output to light sensors 12 
such as balanced photo diodes 12a and 12b. The balanced 
photo diodes 12a and 12b output differential currents of posi 
tive phase and reversed phase lights. The current signals are 
converted into Voltage signals by transimpedance amplifiers 
(TIAS) which are not illustrated in the drawing and supplied 
to ADCs 13 and 14. The ADCs 13 and 14 perform digital 
sampling at a twofold oversampling rate, for example. The 
digitalized reception signals are input to a digital signal pro 
cessing unit 20. For convenience of the illustration, the polar 
ization separation is omitted on both the transmission side 
and the reception side in FIG. 5, and only processing with 
respect to one polarization is illustrated, but similar process 
ing is carried out with respect to the other polarization. 
0041 FIG. 6 is a configuration diagram of the digital sig 
nal processing unit 20 illustrated in FIG. 5. The digital signal 
processing unit 20 includes a fixed equalizer 21, a sampling 
phase adjuster 22, an adaptive equalizer 23, a frequency offset 
compensation unit 24, a carrier phase restoration unit 25, a 
training signal synchronization unit 26, a symbol Synchroni 
zation monitor unit 28, and a tap coefficient control unit 30. 
0042. The tap coefficient control unit 30 includes a tap 
coefficient obtaining unit 31, a tap coefficient setting unit 32, 
and a tap coefficient correction unit 33. 
0043. The waveform distortion of the digital input signal is 
Suppressed by the fixed equalizer 21. The digital input signal 
is Subjected to a phase adjustment by the sampling phase 
adjuster 22 and input to the adaptive equalizer 23. As illus 
trated in FIG. 1, the H polarization input to the adaptive 
equalizer 23 includes the H polarization component (HH 
sequence) and the V polarization component (HV sequence) 
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at the time of the transmission. The V polarization input to the 
adaptive equalizer 23 includes the V polarization component 
(W sequence) and the H polarization component (VH 
sequence) at the time of the transmission. Since the optical 
signal is received in a state in which the components of the H 
axis and the V axis are mixed with each other, the H compo 
nent and the V component at the time of the transmission are 
restored by using the four sequences of HH, HV, VH, and W 
in the adaptive equalizer (polarization separation). 
0044) The adaptive equalizer 23 includes a finite impulse 
response (FIR) filter corresponding to the HH, HV, VH, and 
W sequences. The tap coefficients of the individual FIR filters 
are controlled by the tap coefficient control unit 30. The 
specific tap coefficient control will be described below. 
0045. The frequency offset compensation unit 24 compen 
sates an optical frequency deviation (offset) between the 
transmission light source 4 and the local light source 11. The 
carrier phase restoration unit 25 corrects a phase difference 
between the transmission light source 4 and the local light 
Source 11. The training signal Synchronization unit 26 detects 
training sequences for synchronization of the individual 
sequences of HH, HV, VH, and W and establishes the syn 
chronization between the sequences. 
0046. The symbol synchronization monitor unit 28 
obtains the symbol synchronization times of the H polariza 
tion and the V polarization to detect the synchronization 
symbol difference between the polarizations and supplies the 
detection result to the tap coefficient correction unit 33 of the 
tap coefficient control unit 30. 
0047. The synchronization symbol difference is detected 
from the training sequences according to the embodiment, but 
the present disclosure is not limited to this example. For 
example, in a case where a multi-lane distribution (MLD) is 
adopted, an inter-lane synchronization unit may be provided, 
and the symbol synchronization monitor unit 28 may be con 
figured to obtain the synchronization time from the inter-lane 
synchronization unit. 
0048 FIG. 7 is an explanatory diagram for describing a 
state in which the symbol synchronization time is obtained by 
the symbol synchronization monitor unit 28. The synchroni 
zation symbol difference between the polarizations is repre 
sented by a difference between the synchronization time of 
the V polarization and the synchronization time of the H 
polarization. 
0049. In a case where the H polarization is synchronized 

first, and the V polarization is synchronized thereafter, the 
synchronization symbol difference is assigned with a plus 
sign herein. In a case where the V polarization is synchro 
nized first, and the H polarization is synchronized thereafter, 
the synchronization symbol difference is assigned with a 
minus sign. Since the symbol difference is relative, a defini 
tion of the coefficient shift of the tap coefficient correction 
unit may be reversed by reversing plus and minus. 
0050. In the case of FIG. 7, the V polarization is synchro 
nized in the 81st symbol section, and the H polarization is 
synchronized next in the 84th symbol section. The synchro 
nization symbol difference between the polarizations is -3 
symbols. This synchronization symbol difference is supplied 
to the tap coefficient correction unit 33. 
0051 FIG. 8 illustrates a state in which the tap coefficients 
are read out. The tap coefficient obtaining unit 31 reads out 
tap coefficients of the individual filters constituting the adap 
tive equalizer 23. Coefficients in a real number part (R part) 
and an imaginary part (I part) are set in the individual 
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sequences of HH, VH, HV. and W. In the case of the 13-tap 
filter, 104 tap coefficients are read out as follows. 

4 sequencesx2x13 taps=104 

0052. The adaptive equalizer 23 executes a coefficient 
update algorithm in related art to update the coefficient value. 
A constant modulus algorithm (CMA) or a decision-directed 
least mean square (DD-LMS) algorithm can be used as the 
coefficient update algorithm. The tap coefficient read out by 
the tap coefficient obtaining unit 31 is determined by the 
coefficient update algorithm in related art as described above. 
The correction is executed with respect to this coefficient by 
the tap coefficient correction unit 33 and written back by the 
tap coefficient setting unit 32. 
0053. The tap coefficient correction unit 33 calculates the 
tap coefficient gravity center GH of the H polarization and the 
tap coefficient gravity center GV of the V polarization by 
using the read coefficient values. The tap coefficient gravity 
centers GH and GV are obtained from Expression (1). 

13 13 (1) 

GH = (). is HH(i) +X is vior/ru. + Pvt.) i=1 

13 13 

Gy = 3. is |VV(i)+X isitivor/r + Phy) 
i=1 

0054 Where P. P. P. and P are total sum of 
power in all the tap numbers of the corresponding FIR filter 
and are represented by Expression (2). 

0055. A calculation for a square of power of the individual 
tap numbers of the individual sequences (**) is conducted 
by using the real (R) part and the imaginary (I) part as repre 
sented in Expression (3). 

0056 Next, the tap coefficient correction unit 33 uses the 
synchronization symbol difference obtained from the symbol 
synchronization monitor unit 28 and the tap coefficient grav 
ity centers GH and GV of the H polarization and the V 
polarization calculated as described above to calculate the 
correction reference gravity center (fluctuation center) pGH 
of the H polarization and the correction reference gravity 
center (fluctuation center) pGV of the V polarization. 
0057. When the synchronization symbol difference 
between the polarizations is set as SYMBOL DIFF, and the 
tap coefficient gravity centers of the respective polarizations 
are set as (GH and GV), a deviation amount G DELTA from 
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the correction reference gravity centers of the tap coefficient 
gravity centers is represented as follows. 

G DELTA=(SYMBOL DIFF)x2+GH-GV (4) 

0058. The calculation in Expression (4) will be described 
with reference to FIG. 9. Values to be obtained at a time t3 
with regard to the tap coefficient gravity center GH of the H 
polarization and the tap coefficient gravity center GV of the V 
polarization are the fluctuation centers pGH and pGV of the 
tap coefficient gravity centers corresponding to the correction 
reference gravity centers. The deviation amount G DELTA 
from the correction reference gravity centers of the tap coef 
ficient gravity centers of the respective polarizations at t3 is 
represented as follows. 

G DELTA = (GV - pCV) + (pCH - GH) (4) 

= p GH-pCV + GV - GH 

= (SYMBOL DIFF) x2 + GH - GV 

0059. Herein, a case in which the twofold oversampling, 
that is, Sampling data of two taps per symbol is processed is 
taken as an example. 
0060. The correction reference gravity centers pGH and 
pGV are obtained from Expression (5). 

pCH=GH+G DELTA/2 

pCV=GV+G DELTA/2 (5) 

0061. When Expression (4) is assigned to Expression (5), 
Expression (6) is obtained. 

pCV=(GH+GV)/2-SYMBOL DIFF (6) 

0062. In Expression (6), the correction reference gravity 
centers pGH and pGV of the H polarization and the V polar 
ization can be calculated on the basis of the tap coefficient 
gravity center GH of the H polarization, the tap coefficient 
gravity center GV of the V polarization, and the synchroni 
zation symbol difference SYMBOL DIFF between the 
polarizations. 
0063. The tap coefficient correction unit 33 determines the 
gravity center correction amount of the tap coefficients (shift 
amount) on the basis of the correction reference gravity cen 
ters pGH and pGV. 
0064 FIG. 10 illustrates a state in which the tap coefficient 
correction (shift) amount is determined. The tap coefficient 
correction unit 33 determines the correction amount so that 
the calculated correction reference gravity centers pGH and 
pGV are located in a tap center region Tc. In the example of 
FIG. 10, the correction amount is determined so as to satisfy 
6spGHs8 and 6spGVs8. Since the gravity center correction 
is conducted in units of the symbol, the tap number to be 
shifted is an even number in the case of the twofold oversam 
pling. 
0065. As represented in A, B, and C of FIG. 10, in a case 
where the correction reference gravity centers (the fluctuation 
centers of the tap coefficient gravity centers) are located in the 
tap center region Tc and 6spGHs8 and 6spGVs8 are satis 
fied, the gravity center correction amount is set as 0 symbols 
(0 taps). 
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0066. As represented in D, E, and F of FIG. 10, in a case 
where the correction reference gravity centers is deviated in a 
range of 1 symbol or below from the tap center region Tc, the 
gravity center correction amount is set as +1 symbol (+2 taps) 
or -1 symbol (-2 taps). As represented in G of FIG. 10, in a 
case where the correction reference gravity centers is devi 
ated from the tap center region Tc in a range of more than 1 
symbol and 2 symbols or below, the gravity center correction 
amount is set as 2 symbols in the plus direction or the minus 
direction. In the case of H of FIG. 10, the gravity center 
correction amount is set as +3 symbols. 
0067 FIG. 11 illustrates the tap coefficient gravity center 
before the correction and after the correction. The updated tap 
coefficients read out from the adaptive equalizer 23 are 
shifted by the calculated gravity center correction amount. 
According to the embodiment, the tap coefficients of the FIR 
filters that process the HH sequence and the VH sequence 
connected to the H polarization output are corrected by the 
same amount. Similarly, the tap coefficients of the FIR filters 
that process the W sequence and the HV sequence connected 
to the V polarization output (see FIG. 1). 
0068 For example, it is supposed that the correction of 
shifting the correction reference gravity center pGH of the H 
polarization by +2 taps (+1 symbol) and the correction refer 
ence gravity centerpGV of the V polarization by -2 taps (-1 
symbol) is determined. In this case, the tap coefficients of the 
HH filter and the tap coefficients of the VH filter are shifted by 
+2 taps, and the tap coefficients of the W filter and the tap 
coefficients of the HV filter are shifted by -2 taps. 
0069. In FIG. 11, in a case where the gravity center cor 
rection of shifting the tap coefficients of the HH filter by +1 
symbol (+2 taps) is conducted, the entire coefficients of the 
tap numbers 1 to 13 are shifted by 2 taps towards the right 
side, and “O'” is padded to the tap numbers 1 and 2 on the 
leftmost side. 
0070. When the new tap coefficients are determined, the 
tap coefficient setting unit 32 writes the tap coefficients after 
the correction in the adaptive equalizer 23. 
(0071 FIG. 12 illustrates a state in which the tap coeffi 
cients after the correction are written. The coefficients in the 
real number part (R part) and the imaginary part (I part) are 
written in with regard to each of the four sequences of HH, 
VH, HV, and W. In a case where the individual filter is the 
13-tap filter, 104 tap coefficients are written in as follows. 

4 sequencesx2x13 taps=104. 

0072 FIG. 13 illustrates a process flow executed by the tap 
coefficient control unit 30. The tap coefficient control unit 30 
obtains the synchronization symbol difference between the H 
polarization and the V polarization from the symbol synchro 
nization monitor unit 28 (S101). The tap coefficient control 
unit 30 reads out the tap coefficients set in the individual 
filters from the adaptive equalizer 23 in concurrence with 
S101 or before or after S101 (S102). 
0073. The tap coefficient gravity centers (GH and GV) are 
calculated with respect to the read tap coefficients (S103). 
The tap coefficient gravity centers (GH and GV) represent the 
delay amounts of the adaptive equalizer. 
0074 The correction reference gravity centers pGH and 
pGV (fluctuation centers of the tap coefficient gravity centers 
according to the embodiment) are calculated on the basis of 
the obtained tap coefficient gravity centers (GH and GV) and 
the synchronization symbol difference between the polariza 
tions obtained in S101 by using Expression (6) (S104). 
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0075. The correction amount of the tap coefficients is 
determined in units of symbol on the basis of the correction 
reference gravity centers pGH and pGV (S105). The tap 
coefficient correction amount is the shift amount for shifting 
the correction reference gravity centers pGH and pGV 
towards a region in the vicinity of the tap center. As described 
above, the shift amount of the tap coefficients is determined in 
units of symbol (in units of two taps in the case of the twofold 
oversampling, and in units of four taps in the case of the 
fourfold oversampling). 
0076. The correction of shifting the entire tap coefficients 
of the filters (the HH filter and the VH filter of FIG. 1) for the 
H polarization output is conducted on the basis of the deter 
mined tap coefficient correction amount, and the correction of 
shifting the entire tap coefficients of the filters (the HV filter 
and the W filter of FIG. 1) for the V polarization output is 
conducted (S106). 
0077 Finally, the tap coefficients on which the gravity 
center correction has been conducted are written in the adap 
tive equalizer 23 (S107), and the processing is ended. 
(0078 FIG. 14A and FIG. 14B illustrate an effect of the tap 
correction method according to the above-mentioned 
embodiment. In FIG. 14A and FIG. 14B, a horizontal axis of 
the graphic representation represents the differential group 
delay (ps), and a vertical axis represents a Q value (dB). With 
regard to both the method in related art and the method 
according to the embodiment, a simulation result based on a 
biterror rate (the number of reception errorbits/the number of 
transmitted bits) is converted into the Q value. 
0079 According to the related art system, as the DGD is 
increased, the Q value is decreased, and the dispersion is 
increased. On contrast to this, with the method according to 
the embodiment, even when the DGD is increased, the Q 
value is almost unchanged, and the dispersion is minute. This 
is because the fluctuation center of the tap coefficient gravity 
center is used as the reference for the gravity center correc 
tion. The correction of shifting the gravity centers of the tap 
coefficients towards the tap center is more accurately 
executed by using the correction reference gravity centers 
pGH and pGV obtained from the synchronization symbol 
difference between the polarizations and the delay amounts of 
the adaptive equalizer (the tap coefficient gravity centers 
according to the embodiment). As a result, the synchroniza 
tion symbol difference becomes Zero, and the performance of 
the adaptive equalizer can be maximized. 

Modified Example 

0080 FIG. 15A and FIG. 15B illustrate a modified 
example. According to the above-mentioned embodiment, 
the gravity center correction is conducted by the following 
expression. 

GH -- GW i (6') 
pGH = - - + ISYMBOLDIFF) 

GH -- GW i 
pCV = 2 - SYMBOL DIFF). 2. 

I0081. In Expression (6'), m denotes an oversampling rate. 
I0082. According to the method according to the embodi 
ment, the DGD resistance is significantly improved as com 
pared with the related art method, but the errors of the tap 
coefficient gravity centers (GH and GV) may be increased in 
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several cases, and the correction reference gravity centers 
(pGH and pGV) may not be accurately calculated in some 
CaSCS. 

0083. In view of the above, according to the modified 
example, the correction reference gravity centers (pGH and 
pGV) are calculated by Expression (7). 

pGH-Adaptive equalizer delay+SYMBOL DIFF:(m/ 
2) 

pGV-Adaptive equalizer delay-SYMBOL DIFF:(m/ 
2) (7) 

0084. The adaptive equalizer delay is a location of the 
entire signals in the adaptive equalizer 23 (deviation from the 
tap center). Therefore, the delay amount of the adaptive 
equalizer 23 can also simply perform the calculation from the 
tap coefficient gravity centers (GH and GV). However, the tap 
coefficient gravity center reflects not only the delay amount 
but also an excessive component. 
0085. If a transmission path model and an actual transmis 
sion path are approximated to each other, the delay amount 
can be calculated from the tap coefficient gravity center at a 
significant accuracy. However, a deviation from the transmis 
sion path model may be increased in the actual transmission 
path. As a result, a large amount of obstructive components 
are included in the tap coefficient gravity center value, and the 
error at the time of the calculation for the delay amount is 
increased. 
I0086 For example, it is supposed that a band property has 
a left-right asymmetry with respect to the wavelength of the 
signal light in the actual transmission path. A high order 
polarization mode dispersion (PMD) is also generated, and it 
is Supposed that the transmission path model becomes more 
complex. 
0087. As illustrated in FIG. 15A, in a case where the actual 
transmission path is close to the transmission path model, 
error components 41 that reflects the tap coefficients of the 
adaptive equalizer 23 and the gravity center value thereofare 
little. When the actual transmission path is deviated from the 
transmission path model, the error components 41 are 
increased in both the tap coefficients of the adaptive equalizer 
23 and the gravity center value thereof, and the delay amount 
may not be accurately obtained. 
0088. In view of the above, M(n) is calculated from the tap 
coefficients of the adaptive equalizer 23 according to the 
modified example. M(n) is obtained by calculating a deter 
minant from the coefficient value that has been subjected to 
discrete Fourier transform. The wavelength dispersion com 
ponent and the delay amount component remain in M(n) at 
this time as illustrated in Expression (8). 

(8) cD M(n) = expi 2it f2 k; -- proo 

0089. Where c denotes a light speed, D denotes a wave 
length dispersion, fc denotes a center frequency of the carrier 
wave, () denotes an angular frequency, and T denotes a delay 
amount. In view of the above, the delay amount is calculated 
through a differentiation of M(n). 
0090 More specifically, the tap coefficients of the adap 

tive equalizer having a tap number N are represented by 
Expression (9). 

writy(k),wart (k), wit(k), wit (k)(k=1,...,N) (9) 
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0091 Processing of obtaining the determinant by subject 
ing this coefficient to the discrete Fourier transform is repre 
sented by Expression (10). 

Wii (n) .." (10) 
Wv (n) Wvy (n) 

WHH (k) wVH (k) N N dr". CD = - + 1, ... . ) 
M(n) = detW(n) = Wii (n). Wvy (n) - Wvi (n). Wv (n) 

0092. When M(n) is differentiated once, a primary delay 
amount M(n) is represented by Expression (11). 

M, (n)=M(n)-M*(n+1) (11) 

(0093. When M(n) is differentiated twice, a secondary 
delay amount M(n) is represented by Expression (12). 

M, (n)=M(n)-M*(n+1) (12) 

0094. According to a first method, the primary delay 
amount M(n) of M(n) is used as an argument for the adaptive 
equalizer delay used in Expression (7). 

(13) Adaptive equalizer delay = - 4tf 
Jis 

0.095 Where fs denotes a sampling frequency of the ana 
log/digital converter (ADC), and N denotes the tap number. 
0096. In Expression (13), the delay amount is directly 
calculated from the tap coefficients. Therefore, it is possible 
to obtain the correction reference gravity centers pGH and 
pGV more accurately by using the adaptive equalizer delay in 
Expression (13) for Expression (7) as compared with the case 
in which the tap coefficient gravity centers GH and GV are 
used. The correction reference gravity centers pGH and pGV 
are equivalent to the fluctuation centers of the tap coefficient 
gravity centers used according to the embodiment, but the 
gravity centers serving as the correction reference can be 
calculated without using the coefficient gravity centers. 
(0097. According to this method, as illustrated in FIG.15B, 
the error component 41 included in the adaptive equalizer 
coefficient is removed without depending on whether the 
actual transmission path is approximated to or deviated from 
the transmission path model, and it is possible to reflect the 
accurate delay amount. 
0098. According to a second method, as represented in 
Expression (14), the secondary delay amount M. (n) of M(n) 
is used as an argument for the wavelength dispersion D(n), 
and the wavelength dispersion component is removed. 

N2 f (14) 
Wavelength dispersion D(n) = (arg(M(n))) 

7tcf. 
27t 27t 

Act) = 2. co(n) = n : f 
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0099. In this case, the adaptive equalizer delay is repre 
sented by Expression 

0100. According to this method, it is possible to still more 
accurately obtain the correction reference gravity centers as 
compared with the first method. 
0101. As described above, according to the embodiment 
and the modified example, the correction of shifting the entire 
tap coefficients in units of symbol is conducted so that the 
differences between the correction reference gravity centers 
pGH and pGV (gravity center values serving as the correction 
references which are calculated on the basis of the delay 
amounts of the adaptive equalizer) and the tap center are setto 

Adaptive equalizer delay = - 

W 
2-1 

c. D(n) X. {ars M (n) expi 2ft of? Aco (co(n) + (O(n + 1)) cf. 

be minimum. With this configuration, the gravity centers of 
the tap coefficients can be shifted to an optimal location, and 
it is possible to maximize the correction effect. As a result, the 
DGD resistance is improved, and the increase in bit errors can 
be suppressed. 
0102. It is noted that the present disclosure is not limited 
only to the embodiment and the modified example. For 
example, the synchronization symbol difference between the 
H polarization and the V polarization may also be calculated 
by the tap coefficient correction unit 33 instead of the symbol 
synchronization monitor unit 28. In this case, the symbol 
synchronization monitor unit 28 notifies the tap coefficient 
correction unit 33 of the symbol synchronization time of the 
H polarization and the V polarization. In addition, the calcu 
lation method for the gravity center of the tap coefficients is 
not limited to the above-mentioned method according to the 
embodiment, and the tap location having the highest coeffi 
cient may also be set as the tap coefficient gravity center. 
0103 All examples and conditional language recited 
herein are intended for pedagogical purposes to aid the reader 
in understanding the invention and the concepts contributed 
by the inventor to furthering the art, and are to be construed as 
being without limitation to Such specifically recited examples 
and conditions, nor does the organization of such examples in 
the specification relate to a showing of the Superiority and 
inferiority of the invention. Although the embodiment of the 
present invention has been described in detail, it should be 
understood that the various changes, Substitutions, and alter 
ations could be made hereto without departing from the spirit 
and scope of the invention. 
What is claimed is: 
1. A method of tap coefficient correction, comprising: 
obtaining a synchronization symbol difference between a 

first polarization and a second polarization orthogonal to 
the first polarization: 

obtaining a delay amount of each of the first polarization 
and the second polarization in an adaptive equalizer; 

calculating, in a case where a horizontal axis represents a 
tap number and a vertical axis represents a tap coeffi 
cient and a tap number or a nearest tap number with 
which an area of a drawn figure is halved is set as a 
gravity center of tap coefficients, a correction reference 
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gravity center of the tap coefficients set in the adaptive 
equalizer, based on the synchronization symbol differ 
ence and the delay amount; and 

performing a correction of shifting an entire tap coeffi 
cients in units of symbol to cause the correction refer 
ence gravity center to be closest to a tap center. 

2. The method according to claim 1, 
wherein the delay amount is obtained from a gravity center 

of first tap coefficients set in the adaptive equalizer for 
the first polarization and a gravity center of second tap 
coefficients set in the adaptive equalizer for the second 
polarization, and 

wherein a fluctuation center of the gravity center of the first 
tap coefficients is calculated as a first correction refer 
ence gravity center on the basis of the synchronization 
symbol difference and the delay amount, and a fluctua 
tion center of the gravity center of the second tap coef 
ficients is calculated as a second correction reference 
gravity center. 

3. The method according to claim 2, 
wherein a correction of shifting the entire first tap coeffi 

cients and the entire second tap coefficients in units of 
symbol is conducted to cause the first correction refer 
ence gravity center and the second correction reference 
gravity center to be closest to the tap center. 

4. The method according to claim 1, 
wherein the delay amount is obtained by differentiating a 

determinant represented by first tap coefficients set in 
the adaptive equalizer for the first polarization and sec 
ond tap coefficients set in the adaptive equalizer for the 
second polarization. 

5. The method according to claim 4, 
wherein the delay amount is obtained while a primary 

delay amount obtained by differentiating the determi 
nant once is set as an argument. 

6. The method according to claim 5, 
wherein the delay amount is obtained while a wavelength 

dispersion is removed by a secondary delay amount 
obtained by differentiating the determinant twice. 

7. The method according to claim 1, 
wherein the synchronization symbol difference is obtained 

as a difference between a symbol Synchronization time 
of the first polarization and a symbol synchronization 
time of the second polarization. 

8. The method according to claim 1, 
wherein the tap coefficients are read out from the adaptive 

equalizer before the correction reference gravity center 
is calculated. 

9. An optical receiver, comprising: 
a receiver configured to receive an optical signal and output 

an electric signal; 
a converter configured to convert the electric signal into a 

digital signal; 
an adaptive equalizer configured to adaptively equalize the 

digital signal; 
a monitor configured to monitor a symbol synchronization 

time of a first polarization included in the digital signal 
that has been adaptively equalized and a symbol Syn 
chronization time of a second polarization orthogonal to 
the first polarization; and 

a tap coefficient controller connected to the adaptive equal 
izer and the monitor and configured to control tap coef 
ficients set in the adaptive equalizer, 



US 2014/0212132 A1 

wherein the tap coefficient controller configured to: 
obtain a synchronization symbol difference between the 

first polarization and the second polarization, based on 
an output of the monitor, 

obtain a delay amount of the first polarization and the 
second polarization in the adaptive equalizer, 

calculate, based on the synchronization symbol difference 
and the delay amount, a correction reference gravity 
center of the tap coefficients set in the adaptive equalizer 
where a horizontal axis represents a tap number and a 
Vertical axis represents a tap coefficient and a tap num 
ber or a nearest tap number with which an area of a 
drawn figure is halved is set as a gravity center of tap 
coefficients, and 

perform a correction of shifting the entire tap coefficients 
in units of symbol to cause the correction reference 
gravity center to be closest to a tap center. 

10. The optical receiver according to claim 9. 
wherein the adaptive equalizer has first tap coefficients for 

the first polarization and second tap coefficients for the 
second polarization, and 

wherein the tap coefficient controller calculates a gravity 
center of the first tap coefficients and a gravity center of 
the second tap coefficients, calculates a fluctuation cen 
ter of the gravity center of the first tap coefficients as a 
first correction reference gravity center on the basis of 
the gravity center of the first tap coefficients and the 
gravity center of the second tap coefficients, and the 
synchronization symbol difference, and calculates a 
fluctuation center of the gravity center of the second tap 
coefficients as a second correction reference gravity cen 
ter. 
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11. The optical receiver according to claim 10, 
wherein the tap coefficient controller performs a correction 

of shifting the entire first tap coefficients and the entire 
second tap coefficients in units of symbols to cause the 
first correction reference gravity center and the second 
correction reference gravity center to be closest to the 
tap center. 

12. The optical receiver according to claim 9. 
wherein the adaptive equalizer includes first tap coeffi 

cients for the first polarization and second tap coeffi 
cients for the second polarization, and 

wherein the tap coefficient controller obtains the delay 
amount by differentiating a determinant represented by 
the first tap coefficients and the second tap coefficients. 

13. The optical receiver according to claim 12, 
wherein the tap coefficient controller obtains the delay 

amount while a primary delay amount obtained by dif 
ferentiating the determinant once is set as an argument. 

14. The optical receiver according to claim 13, 
wherein the tap coefficient controller obtains the delay 

amount while a wavelength dispersion is removed by a 
secondary delay amount obtained by differentiating the 
determinant twice. 

15. The optical receiver according to claim 9. 
wherein the tap coefficient controller obtains the synchro 

nization symbol difference on the basis of a difference 
between a symbol synchronization time of the first 
polarization and a symbol synchronization time of the 
second polarization. 

16. The optical receiver according to claim 9. 
wherein the tap coefficient controller reads out the tap 

coefficients from the adaptive equalizer before the fluc 
tuation center is calculated. 

k k k k k 


